Voluntary overfeeding rapidly induces resistance to the effects of systemic insulin and leptin on liver glucose metabolism. To examine whether central administration of recombinant leptin can restore leptin and insulin action on liver glucose fluxes, we infused leptin in the third cerebral ventricle of conscious overfed rats during pancreatic-insulin clamp studies. The effect of leptin on the phosphorylation of the signal transducer and activator of transcription-3 in the arcuate nuclei of the hypothalamus was similar in animals fed a regular diet or a high-fat diet for 3 days. The infusion of leptin in the third cerebral ventricle markedly inhibited glucose production in rats fed a high-fat diet mainly by decreasing glycogenolysis. The inhibition of glycogenolysis was sufficient to normalize glucose production and was accompanied by leptin-induced decreases in the hepatic expression of glucose-6-phosphatase and phosphoenolpyruvate carboxykinase. Thus central administration of leptin rescues the hepatic insulin resistance induced by short-term hyperphagia. Diabetes 54:3182-3189, 2005 L eptin is an adipocyte-derived hormone that can modulate food intake and hepatic insulin action (1-4). Circulating leptin is transported into the brain via a saturable transport system located at both the endothelium and choroids plexus (5,6). After crossing the blood-brain barrier (BBB), the actions of leptin are mediated mainly through the long form of the leptin receptor (OB-Rb) which is the only isoform capable of activating the JAK-signal transducer and activator of transcription (STAT) pathway (7-9). Genetic deficiency of leptin (ob/ob mice) as well as mutations in the leptin receptor (db/db mice, Zucker fatty [fa/fa] rats) lead to obesity and diabetes (10). In humans, rare cases of monogenic obesity syndromes have also been described previously (11).
L
eptin is an adipocyte-derived hormone that can modulate food intake and hepatic insulin action (1) (2) (3) (4) . Circulating leptin is transported into the brain via a saturable transport system located at both the endothelium and choroids plexus (5, 6) . After crossing the blood-brain barrier (BBB), the actions of leptin are mediated mainly through the long form of the leptin receptor (OB-Rb) which is the only isoform capable of activating the JAK-signal transducer and activator of transcription (STAT) pathway (7) (8) (9) . Genetic deficiency of leptin (ob/ob mice) as well as mutations in the leptin receptor (db/db mice, Zucker fatty [fa/fa] rats) lead to obesity and diabetes (10) . In humans, rare cases of monogenic obesity syndromes have also been described previously (11) .
Obese individuals have severe insulin resistance with high circulating levels of both insulin and leptin (12, 13) . In this regard, the failure of the elevated leptin levels to restore normal energy and metabolic homeostasis is commonly viewed as evidence for leptin resistance. Multiple reports in rodents have highlighted the severe impairment in the anorectic action of leptin in high-fat-fed models (14 -17) . This acquired form of leptin resistance has been ascribed to defects at the level of leptin transport into the central nervous system (CNS) and/or at the level of leptin signaling within the CNS. In this regard, Van Heek et al. (16) reported that diet-induced obese mice develop peripheral but not central resistance to leptin, whereas El Haschimi et al. (14) and Munzberg et al. (15) observed that two defects contribute to their leptin resistance, impaired leptin transport in the brain, and decreased ability of leptin to activate STAT3 in the arcuate nucleus of the hypothalamus.
Importantly, there is growing evidence that leptin also plays an important role in the modulation of metabolic fluxes and insulin action (18) . For example, that leptin reverses insulin resistance and diabetes in mice with congenital lipodystrophy independently of its effect on food intake has been shown previously (4,18 -20) . In lean rats, the systemic or central infusion of leptin leads to a rapid redistribution of hepatic glucose fluxes with a robust stimulation of gluconeogenesis matched by a similar inhibition of glycogenolysis (4, 19) . Importantly, the effect of leptin on gluconeogenesis but not on glycogenolysis is dependent on the central activation of melanocortin receptors (4) .
Insulin and leptin resistance ensued within 3 days of voluntary overfeeding in a rodent strain (Sprague-Dawley rats) susceptible to age-and diet-dependent weight gain (21) . In particular, short-term overfeeding induced a severe defect in the ability of a systemic infusion of leptin (50 g) to modulate hepatic glucose fluxes (21) . Because we have shown that 1.5 g leptin i.c.v. entirely reproduced the effect of 50 g leptin infused systemically on hepatic glucose fluxes in standard diet rats (19) , our aim is to elucidate whether the central administration of leptin rescues the action of insulin on liver carbohydrate metabolism.
9398; Purina Mills) contained 45% of calories from carbohydrates, 22% from protein, and 33% from fat. Intracerebroventricular studies. The experimental protocol herein was designed to examine whether central stimulation of the leptin system restores normal insulin sensitivity in overfed animals. Rats were divided into two experimental groups after complete recovery from surgeries and allocation of standard diet or high-fat diet for 3 days as described above. Rats received intracerebroventricular infusion of either vehicle (artificial cerebrospinal fluid; Harvard Apparatus) for 6 h or recombinant mouse leptin (1.5 g/6 h) (Ͼ95% pure by SDS-PAGE; gift of Dr. M. McCaleb, Amgen, Thousand Oaks, CA). Overall, four treatment groups were studied: 1) standard diet-vehicle; 2) standard diet-leptin; 3) high-fat diet-vehicle; and 4) high-fat diet-leptin. All rats received the euglycemic/hyperinsulinemic clamp protocol described below during the last 2 h of leptin infusion. At the end of the in vivo studies, the rats were anesthetized (pentobarbital 55 mg/kg body wt, i.v.), and tissue samples were freeze-clamped in situ with aluminum tongs precooled in liquid nitrogen and stored at Ϫ80°C for subsequent analysis. Euglycemic/hyperinsulinemic clamp studies. Pancreatic-insulin clamp studies were performed as previously described to obtain physiological hyperinsulinemia (4, 19, 23) .
Mediobasal hypothalamus
Western blot analyses. For signaling studies, rats were fed either a low-fat standard diet or high-fat diet for 3 days (six in each group). Six hours after onset of light cycle, rats were injected with 2.5 g leptin i.c.v. (5 l of 0.5 g/l over 5 min) or vehicle (artificial cerebrospinal fluid) and killed 30 min later. The hypothalamic mediobasal wedge (24) was dissected and homogenized in 20 mmol/l MOPS, 2 mmol/l EGTA, 5 mmol/l EDTA, 30 mmol/l sodium fluoride, 40 mmol/l ␤-glycerophosphate, 10 mmol/l sodium pyrophosphate, 2 mmol/l orthovanadate, 0.5% NP-40, and complete protease inhibitors cocktail (Roche, Indianapolis, IN). Protein concentration was measured with the BCA protein quantification kit (Pierce, Rockford, IL). Protein extracts (50 g) were fractionated by electrophoresis on a 10% Bis-Tris NuPAGE (Invitrogen, Carlsbad, CA) gel and transferred to polyvinylidine fluoride membranes. Samples were run at least twice on two separate gels for quantification purposes. Membranes were probed with the phosphospecific antibodies against Stat3 Tyr705 and Stat3 Ser727 (both from Cell Signaling, Beverly, MA) and reprobed with an antibody against Stat3 (Santa Cruz Biotechnologies, Santa Cruz, CA). Primary antibody binding was detected by enhanced chemiluminescence ECL reagents (PerkinElmer, Wellesley, MA) on Kodak MS films and quantified by ImageQuant software analysis (AmershamPharmacia). Gene expression. Freeze-clamped livers were obtained from animals that received a euglycemic/hyperinsulinemic clamp. PEPCK and glucose-6-phosphatase (G6Pase) gene expression was analyzed with quantitative PCR (4). Analytical procedures. Plasma glucose was measured by the glucose oxidase method (Glucose Analyzer II; Beckman Instruments, Palo Alto, CA). Plasma insulin and leptin concentrations were measured by radioimmunoassay. The plasma concentration of free fatty acids was determined by an enzymatic method with an automated kit according to the manufacturer's specifications (Waco Pure Chemical Industries, Osaka, Japan). Plasma [ 3 H]glucose radioactivity was measured in duplicates in the supernatants of BA(OH) 2 and ZnSO 4 precipitates (Somogy procedure) of plasma samples after evaporation to dryness to eliminate tritiated water. The rate of glucose uptake and endogenous glucose production were calculated as previously described (19) . Hepatic glucose fluxes. Uridine diphosphoglucose (UDP-glucose) and phosphoenolpyruvate (PEP) concentrations and specific activities in liver were obtained through two sequential chromatographic separations, as previously reported (20 (19) . Statistics. All values are presented as mean Ϯ SE. Differences were considered statistically significant at P Ͻ 0.05. Comparisons among groups were made using ANOVA followed by an unpaired Student's t test. The study protocol was reviewed and approved by the institutional animal care and use committee of the Albert Einstein College of Medicine.
RESULTS
Central leptin administration restores insulin sensitivity in overfed rats. To test the impact of short-term voluntary overfeeding on the central action of leptin on glucose homeostasis and insulin sensitivity, male SpragueDawley rats were randomized to receive highly palatable high-fat diet chow or the standard chow (Table 1) . After 3 days on the assigned diet, overfed rats had moderately increased plasma insulin and leptin concentrations (Table  1 ) but failed to adapt to the enhanced caloric content of the diet and markedly increased their daily caloric intake (148 vs. 79 kcal/day). The acute metabolic response to central leptin was examined by combining the infusion of leptin (1.5 g/6 h) within the third cerebral ventricle (intracerebroventricular) with a pancreatic-insulin (3 mU ⅐ kg Ϫ1 ⅐ min Ϫ1 ) clamp procedure designed to generate a physiological increase (approximately threefold; Table 1) in the plasma insulin concentration (Fig. 1B) .
During pancreatic-insulin clamp studies, plasma glucose and insulin concentrations were similar in all groups (Table 1 ). In standard-diet rats, leptin did not affect the 
Biochemical parameters represent the average Ϯ SE of at least five basal measurements in each rat. Food intake represents the average Ϯ SE of the last 3 days preceding the study. *P Ͻ 0.01 vs. vehicle or regular diet.
rate of glucose infusion (ϳ15 mg ⅐ kg Ϫ1 ⅐ min
Ϫ1
) required to prevent changes in the plasma glucose levels (Fig. 1C) . As expected, overfed rats developed insulin resistance so that markedly less glucose (9.5 Ϯ 1.3 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ; P Ͻ 0.05) had to be infused during the clamp procedure (Fig. 1C) . Surprisingly, the acute intracerebroventricular infusion of leptin markedly increased the rate of glucose infusion in overfed animals to levels similar to those observed in standard-diet rats (14.4 Ϯ 2.1 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ) (Fig. 1C) .
Central leptin administration normalizes hepatic insulin action in overfed rats. To examine the mechanism(s) by which leptin restored whole-body insulin sensitivity in the overfed group, we assessed glucose kinetics by tracer dilution methodology. The basal glucose production (13.1 Ϯ 0.4 vs. 14.
vehicle vs. leptin in standard diet rats and 13.3 Ϯ 1.1 vs. 11.5 Ϯ 0.6 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 vehicle vs. leptin in overfed rats) and the rate of glucose uptake during the clamp (Fig.  1D) were not significantly affected by intracerebroventric- 
, and glucose (as needed to prevent hypoglycemia). C: Intracerebroventricular leptin (f, 1.5 g total dose) increased the rate of glucose infusion in overfed rats (OF) to the levels observed in rats fed standard chow (SC). D: Leptin (f) or vehicle (Ⅺ) infusion did not alter glucose uptake in standard-diet and overfed animals. E and F: Intracerebroventricular leptin markedly inhibited glucose production during the clamp in overfed but not in standard-diet rats. *P < 0.05 vs. standard diet, P < 0.05 vs. vehicle control. ular leptin nor by the short-term exposure to a high-fat diet. As previously reported (19) , central leptin did not elicit changes in glucose production during the clamp in standard-diet rats (Fig. 1E) . Physiological increases in the plasma insulin concentration failed to suppress glucose production in overfed rats (11.5 Ϯ 1.2 vs. 5.2 Ϯ 0.4 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 , standard diet vs. overfed, *P Ͻ 0.05) (Fig.  1E) , confirming the rapid onset of severe hepatic insulin resistance in this model (21) . Strikingly, the acute intracerebroventricular infusion of leptin restored hepatic insulin action to normal levels in the overfed group (11.5 Ϯ 1.2 vs. 3.8 Ϯ 0.7 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 , leptin vs. vehicle, P Ͻ 0.05) (Fig. 1E) . The action of insulin on glucose production can also be expressed as percent suppression from basal levels (Fig. 1F) . Physiological hyperinsulinemia inhibited glucose production by ϳ65% in standard-diet rats in the presence of either intracerebroventricular vehicle or leptin. After short-term overfeeding, the inhibitory effect of insulin on glucose production was reduced to 15 Ϯ 10% in overfed rats receiving intracerebroventricular vehicle, but it was rapidly increased to 67 Ϯ 4.9% by intracerebroventricular leptin administration (Fig. 1F) . Thus, central leptin completely reversed the hepatic insulin resistance induced by short-term overfeeding. Mechanisms by which central leptin inhibits glucose production in overfed animals. The net output of glucose by the liver (glucose production) is the result of the dephosphorylation of glucose-6-phosphate derived via gluconeogenesis and glycogenolysis. However, part of the glucose entering the liver is phosphorylated by glucokinase and then dephosphorylated by G6Pase. This futile cycle between glucokinase and G6Pase is named glucose cycling, and it accounts for the difference between the total flux through G6Pase and glucose production. To further delineate the mechanism by which central leptin rapidly modulates liver glucose homeostasis, we estimated the in vivo flux through G6Pase (G6Pase flux) and the relative contribution of glucose cycling to G6Pase flux. 3 H]glucose specific activities used to calculate the contribution of plasma glucose (percent direct) to the hepatic glucose-6-phosphate pool. As shown in Fig. 2 , leptin administration did not alter the rates G6Pase flux (Fig. 2A) or glucose cycling (Fig. 2B) in the standard-diet group. In the overfed rats, the increased glucose production during the clamp was mirrored by increases G6Pase flux ( Fig. 2A) and glucose cycling (Fig. 2B) , suggesting that the in vivo activity of G6Pase is markedly elevated in the liver of overfed rats. Central infusion of leptin dramatically decreased G6Pase flux (from 14. ; P Ͻ 0.05) in overfed rats. Importantly, intracerebroventricular leptin induced hepatic G6Pase expression in standard-diet rats, but it decreased liver G6Pase mRNA in overfed rats (Fig. 2C) . We next examined the effect of intracerebroventricular leptin on the relative contribution of gluconeogenesis and glycogenolysis to G6Pase flux. Table 2 displays the [ 14 C]UDPglucose and the [ 14 C]PEP specific activities used to calculate the contribution of PEP-gluconeogenesis (percent indirect) to the hepatic glucose-6-phosphate pool. PEP-gluconeogenesis accounted for 30% of the hepatic UDP-glucose pool in standard-diet animals. This contribution was markedly increased to 65% after intracerebroventricular leptin administration in standard-diet rats. Conversely, central leptin infusion failed to stimulate the indirect pathway in overfed animals (21% in high-fat diet-vehicle to 24% in high-fat diet-leptin). Based on these data, we calculated the relative contribution of gluconeogenesis and glycogenolysis to glucose production. Central leptin stimulates gluconeogenesis (Fig. 3B) but did not alter glucose production due to a compensatory decrease in glycogenolysis (Fig. 3A) (4, 19) in standard-diet rats. Conversely, central leptin markedly suppressed glycogenolysis (Fig. 3A) and failed to stimulate the rate of gluconeogenesis (Fig. 3B) in overfed rats. To provide a reference for the current studies, we also assessed the effect of physiological increases in circulating insulin and leptin in standard-diet and overfed rats after systemic infusion (intravenous) of leptin (30 g ⅐ kg Ϫ1 ⅐ h Ϫ1 for 6 h, total dose of 50 g). As previously reported, intravenous leptin failed to enhance the inhibition of glucose production by insulin in standard-diet rats (4, 19) , as well as in overfed rats (21) . In addition, intravenous leptin stimulated gluconeogenesis but did not alter glucose production because of a compensatory decrease in glycogenolysis in standard-diet rats (4). However, the same dose of intravenous leptin did not affect the rate of gluconeogenesis (5.8 Ϯ 3.5 vs. 4.9 Ϯ 0.3 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ) and glycogenolysis (5.6 Ϯ 3.7 vs. 4.9 Ϯ 2.5) in overfed rats.
We next assessed the liver abundance of PEPCK mRNA after central infusion of vehicle or leptin. In standard-diet rats, central leptin increased PEPCK expression (4) (Fig.  3C) . By contrast, central leptin treatment resulted in a marked suppression of PEPCK expression (Fig. 3C ) in overfed rats. Thus, central leptin in overfed rats decreased glucose production mainly via inhibition of glycogenolysis and via decreased expression of PEPCK and G6Pase coupled with a lack of stimulation of gluconeogenesis. Intracerebroventricular leptin normally activates hypothalamic STAT3 in overfed rats. Because the early step of leptin signal transduction involves phosphorylation and activation of STAT3, we also examined the effect of intracerebroventricular leptin on hypothalamic STAT3 phosphorylation in standard-diet and overfed animals (Fig.  4) . Thirty minutes after the intracerebroventricular injection of leptin (2.5 g) or vehicle, rats were killed, and mediobasal wedges of the hypothalamus were dissected and analyzed by Western blot. Total STAT3 protein and ␤-actin (not shown) levels were similar among all groups. Intracerebroventricular leptin induced a marked increase in STAT3 tyrosine phosphorylation in position 705 (Tyr705) (25) to similar extent in standard-diet and overfed rats. The baseline levels of Stat3-705 were not elevated in overfed rats. Furthermore, the transcriptional activity of Stat3 can be further enhanced by a leptin-independent serine phosphorylation at position 727. Interestingly, serine phosphorylation of Stat3 (Ser727) was neither affected by leptin, nor by short-term overfeeding at this site.
DISCUSSION
Leptin resistance has been demonstrated in numerous animal models of voluntary overfeeding (14 -16,21,26) . It has been suggested that a "nutrient counter-regulatory" system is likely to fail during a sustained exposure to nutrient excess in susceptible animals and individuals (27) (28) (29) . This dynamic regulation of leptin sensitivity in response to changes in nutrient availability could be viewed as a key component of the "thrifty" genotype/ phenotype that appears to contribute to the recent rise in the incidence of type 2 diabetes and obesity in developed In standard-diet rats, leptin increased hepatic gluconeogenesis and the expression of glucoregulatory genes. On the other hand, leptin also inhibited hepatic glycogenolysis so that glucose production (GP) did not change compared with rats receiving intracerebroventricular vehicle. Overfeeding resulted in severe hepatic insulin resistance with marked increases in the hepatic expression of glucoregulatory enzymes and in the rate of glycogenolysis. Intracerebroventricular leptin reversed all these changes. In particular, intracerebroventricular leptin markedly inhibited glycogenolysis and the expression of glucoregulatory enzymes in the liver of overfed rats. However, the stimulatory effect of leptin on gluconeogenesis was absent. The lack of stimulation of gluconeogenesis combined with the preserved effect on glycogenolysis led to marked suppression of glucose production by central leptin in overfed but not in standard-diet rats. Gluconeogenesis and glycogenolysis are expressed as mg ⅐ kg ؊1 ⅐ min ؊1 ; the copy number of each transcript was derived from a standard curve of cloned target templates. Expression of each transcript was normalized to the copy number for 18S ribosomal protein.
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and developing countries (30) . Most studies have focused primarily on the impairment in the acute anorectic action of leptin that occurs in diet-induced (14 -16) and genetic (3, 31, 32) rodent models. However, there is growing evidence that leptin also plays an important role in the regulation of glucose homeostasis and insulin action (4,18 -20) . It is therefore of great importance to delineate the impact of short-term nutritional manipulations on the pleiotropic actions of leptin on glucose metabolism and insulin action. In a model of short-term (3 days) voluntary hyperphagia, we have previously shown a rapid collapse of "nutrient counter-regulation" as manifested by the rapid onset of resistance to the behavioral and/or metabolic actions of leptin, insulin, and fatty acids (21, 33) .
Human and animal studies suggest that impaired transport of leptin across the BBB contributes to leptin resistance in the obese state. Several reports from genetic models of obesity (26, 34) , mice with diet-induced obesity (15, 16) , but also human studies (35) report a defect in the transport of leptin into the CNS that may partly account for their diminished sensitivity to leptin. In addition to defective leptin transport across the BBB, alterations in leptin receptor expression and in cellular signaling (14, 15) have also been observed within the hypothalamus and in the arcuate nucleus in particular. Leptin exerts several of its central actions on energy homeostasis by engaging the melanocortin pathway (22, 36) . In this regard, Clegg and colleagues (36, 37) have recently shown that consumption of a high-fat diet decreases the activation of the melanocortin pathway by a synthetic agonist. Thus, in terms of the effects of leptin on energy metabolism, long-term (Ͼ2 weeks) exposure to a high-fat diet appears to induce multiple defects at the levels of BBB transport, receptor expression, STAT3 activation, and downstream effector pathways such as the melanocortin pathway.
The acute effects of leptin on glucose homeostasis are quite complex. As it concerns the rapid regulation of hepatic glucose fluxes, we have recently identified melanocortin-dependent and melanocortin-independent effects of either systemic or central leptin (4) . Leptin robustly inhibits hepatic glycogenolysis in conscious rats via a melanocortin-independent mechanism. However, the activation of the central melanocortin pathway by leptin also leads to stimulation of gluconeogenesis and of the hepatic expression of PEPCK and G6Pase. Of interest, leptin markedly suppressed glucose production in lean rats when the activation of the central melanocortin pathway was selectively blocked (4) .
The present investigation sought to test whether the leptin resistance observed after systemic administration of leptin in overfed rats (21) could be overcome by its central administration. Surprisingly, we show that the acute central administration of leptin restores hepatic insulin sensitivity in overfed rats. Because this effect is not elicited by the systemic infusion of leptin (21) , the present study suggests that a defect in the transport of leptin across the BBB is an early event in the development of leptin resistance in this model. Furthermore, the striking effects of central leptin on liver glucose fluxes in overfed rats closely resemble the melanocortin-independent effects of leptin in a lean animal (4) . Thus, we propose that an additional site of leptin resistance in this model is within the signaling of leptin through the melanocortin pathway. Because the latter process requires activation of STAT3 by leptin (38,39), we also investigated whether short-term overfeeding alters the stimulatory effect of leptin on the hypothalamic phosphorylation of STAT3. It should be noted that more prolonged exposure to high-fat diets had been shown to result in an impairment in leptin signaling to STAT3, particularly in the arcuate nucleus (14, 15, 40) . However, in the present study, central leptin similarly enhanced the tyrosine phosphorylation of STAT3 (Tyr705) in the arcuate nucleus of standard-diet and overfed rats. We also examined whether high-fat diet or leptin altered the serine phosphorylation of STAT3 (Ser727). Phosphorylation at this site has been shown to enhance STAT3 DNA-binding activity (41) , but also to negatively regulate its tyrosine phosphorylation and activation (42, 43) . Because we could not demonstrate effects of either leptin or high-fat diet on STAT3 serine phosphorylation, it is not likely that alterations in this signaling system play a causative role in the loss of leptin action on gluconeogenesis observed in this model. The downstream signaling steps mediating the changes in leptin action on the lever in overfed rats remain to be delineated.
In conclusion, we propose that two distinct alterations in the metabolic actions of leptin are rapidly induced by overfeeding in Sprague-Dawley rats. The first is a defect in the transfer of circulating leptin to its sites of action in the hypothalamus, and the second is a selective impairment in central leptin signaling toward hepatic gluconeogenesis likely via the melanocortin pathway (Fig. 5) . Perhaps most important, the selective alterations in central leptin signaling that are induced by overfeeding in this model appear to unleash a powerful effect of central leptin on hepatic glucose production. The latter effect is sufficient to completely reverse the severe hepatic insulin resistance induced by high-fat feeding. Taken together, these results advance the notion that increasing the central availability of leptin may be a novel strategy to the treatment of diet-induced hepatic insulin resistance.
